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Anterior cruciate ligament (ACL) injury and surgical reconstruction (ACLR) increase the 
risk of post-traumatic knee osteoarthritis (PTOA). Quadriceps dysfunction is a common, 
lingering complication following ACLR that may contribute to the heightened risk of knee 
PTOA. Factors contributing to quadriceps dysfunction may be arthrogenic muscle inhibition 
(AMI) and an increase in intramuscular adipose tissue (IMAT). Understanding the mechanisms 
of progression from ACLR to knee PTOA and underlying causes is critical for developing 
effective rehabilitation methods. Quadriceps muscle quality (QMQ) can be assessed via 
ultrasound echo intensity (EI), with higher values representing poorer QMQ. EI may estimate 
functional performance, as assessed by peak torque (PT). PT is an important indicator in making 
return to sport (RTS) decisions post-ACLR, and may influence PTOA risk. Aside from knee 
extension PT, functional outcomes such as single-leg hop are important in making RTS 
decisions. EI may be an appropriate measure of quadriceps function and functional outcomes 
post-ACLR, but the association between EI and functional test performance is unclear. Since EI 
is correlated with strength, it may prove of use for making RTS decisions. Quadriceps strength 
predicts hop test performances, which may indicate a possible relationship between functional 
outcomes and QMQ. The purposes of this study were to evaluate the associations between QMQ 
(EI), quadriceps function (knee extension PT), and functional outcomes (single-leg hop) in 
 iv 
individuals with ACLR. We hypothesized that higher EI values (i.e. poorer QMQ) would be 
associated with lower quadriceps function (PT) and poorer functional outcomes (i.e. single-leg 
hop). EI, PT, and single-leg hop distance were assessed in 36 ACLR individuals. EI was assessed 
as the average grayscale value of the muscle cross-sectional area (CSA), excluding the muscle 
fascia and subcutaneous fat thickness. PT was assessed as the maximum torque generated by the 
quadriceps. Single-leg hop distance was assessed as the average of three hop trials for maximum 
distance on the ACLR limb. The primary findings of this study were that there was a moderate 
negative correlation between EI and PT and a strong negative correlation between EI and single-
leg hop distance in the ACLR limb. These findings are consistent with the experimental 
hypotheses. Our findings suggest that muscle quality is indicative of quadriceps function and 
functional ability in individuals with ACLR, and may be a potential RTS criterion following 
ACLR and the rehabilitation process. Therefore, strategies to improve QMQ may result in an 
increase in functional performance, improve RTS outcomes, and decrease the risk of knee PTOA 
in ACLR individuals. Future research may evaluate QMQ in the clinical setting for RTS 
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CHAPTER 1: INTRODUCTION 
In the United States, there are between 100,000 and 250,000 anterior cruciate ligament 
(ACL) injuries each year. The majority of these injuries occur in individuals 15 to 45 years of 
age, and 70% result from sports participation (1). ACL reconstruction (ACLR) is a less costly 
and more effective treatment for ACL tears compared to non-surgical rehabilitation (2). 
However, ACLR does not restore the knee to pre-injury function and increases the risk of post-
traumatic knee osteoarthritis (PTOA), with those sustaining any knee injury being (3) over four 
times as likely to develop PTOA than those without a history of knee injury (4). Culvenor et al. 
(5) demonstrated that PTOA is evident as early as one year following ACLR, with 38 (34.2%) of 
111 subjects diagnosed with knee PTOA via MRI. 
Quadriceps dysfunction is a common, lingering complication following ACLR that may 
contribute to the heightened risk of knee PTOA (6,7).  The quadriceps is responsible for 
dissipating forces across the knee and stresses to surrounding cartilage, thus inadequate 
quadriceps function may lead to breakdown of cartilage and PTOA. High loading rates, which 
compress the cartilage and put stress on the knee joint, have been identified in the ACLR limb 
during walking and are attributable to quadriceps dysfunction (8,9). Additionally, individuals 
who develop PTOA within 5 years post-ACLR display smaller sagittal plane moments during 
walking than those without PTOA, and these biomechanical outcomes are influenced by 
quadriceps dysfunction (10–12). These findings suggest that quadriceps dysfunction is associated 
with aberrant gait biomechanics and may be a contributor to the risk of PTOA following ACLR. 
A typical consequence of joint injury is the body’s natural defenses to alter neural drive 
to the nearby musculature, contributing to quadriceps dysfunction (6). Arthrogenic muscle 
inhibition (AMI) is a reflex response that occurs after knee injury as a joint protection 
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mechanism. The quadriceps is unable to fully contract even though the muscle and its nervous 
supply are not directly affected by the ACL injury. AMI may also limit the efficacy of 
rehabilitation by contributing to muscle weakness, muscle atrophy, and immobilization (6,13). 
Another potential contributor to quadriceps dysfunction is an increase in intramuscular adipose 
tissue (IMAT), which has been associated with decreased strength, decreased muscle activation, 
and limited mobility (14).  All of these may occur after ACLR, and can therefore lead to 
increased levels of IMAT. Consequently, these complications can also lead to further inactivity 
and increasing levels of IMAT, initiating a continuing cycle. This relationship between 
quadriceps dysfunction and IMAT has been demonstrated to subsequently result in difficulties 
with functional activities (14). However, this association has only been demonstrated in elderly 
individuals, and the influence of muscle composition on strength and activation following ACLR 
is unknown (14–18). Understanding the mechanisms of progression from ACLR to knee PTOA 
and underlying causes is critical for developing effective rehabilitation methods. 
Quadriceps muscle quality (QMQ) can be assessed via ultrasound echo intensity (EI), 
with higher values representing poorer QMQ. There is a negative correlation in elderly men 
between EI and muscle strength, meaning poorer QMQ is associated with lower muscle strength 
(15). Additionally, quadriceps power and functional capacity have been linked to QMQ, but only 
in older individuals, and not specifically in individuals with ACLR (17,18). EI may also estimate 
functional capacity because it has a negative association with rate of torque development (RTD), 
which is a measure of power production (17). There is also evidence that poor QMQ impedes 
functional performance, which can be represented by functional assessments, further supporting 
that it may be a useful measure of functional capacity (19,20). Alternative measures of muscle 
related quadriceps function include cross sectional area (CSA) and muscle thickness (MT), both 
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of which are correlated with QMQ (15–17,21,22). Ultrasound measurements of CSA and MT 
may provide corresponding information to EI regarding quadriceps musculature (23). However, 
CSA and MT differentiate size, which is less variable across individuals and indicative of muscle 
atrophy whereas QMQ represents muscle composition. QMQ may be a better measure for 
assessing quadriceps function to evaluate above and beyond what thickness and CSA provide 
because it has greater variability and can differ between quadriceps with similar CSA and MT 
values (23). 
Factors that influence QMQ include fat and connective tissue infiltration. Greater fat 
content may influence the intensity of the ultrasound echo because sound passes through 
organized muscle fibers while differing tissues, such as fat, reflect more sound and appear 
brighter. If a muscle is composed of greater fat content within its CSA, this may influence its 
ability to generate force because IMAT has been demonstrated to influence the effectiveness of 
muscle fiber shortening during contractions (14,24). Additionally, a larger percentage of fat 
within a muscle cross-sectional area necessarily infers a smaller percentage is composed of 
contractile tissue. Since muscle quality is inversely represented by EI, greater amounts of IMAT 
decrease muscle quality (24). IMAT in turn affects the rate of torque development (RTD) and the 
relationship between EI and knee extension peak torque (PT) (18).   
Knee extension RTD and PT are both important indicators in making return to sport 
(RTS) decisions post-ACLR, and may influence PTOA risk (5,6,25,26). Cartilage degradation 
following ACLR is associated with altered gait kinetics and poor quadriceps function, especially 
lower RTD. Lower RTD is associated with greater loading rate during walking due to aberrant 
gait kinetics (25). These complications are specific to PTOA, and QMQ might be linked to injury 
risk following ACLR and RTS decisions because it is indicative of muscular composition. If the 
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quality is less, it may not function as appropriately and effectively compared with prior to the 
injury. If the muscle quality is poor, it may be unable to withstand force and strain and put the 
rehabilitated limb at risk. Muscle ultrasound imaging is an affordable tool to measure percent 
intramuscular fat and assess EI due to its accessibility and reproducibility (21,23,27). 
Apart from RTD and knee extension PT, functional outcomes such as single-leg hop, 
triple hop, and crossover hop are important in making RTS decisions post-ACLR and are the 
most commonly used determinants due to their clinical feasibility (28). Even so, RTS criteria 
vary among healthcare professionals, and there are no consistently and universally implemented 
guidelines (10,29,30). Physical performance alone may not be the ideal postoperative outcome, 
but rather a combination of different variables that capture various aspects (31). EI may be an 
appropriate measure of quadriceps function and functional outcomes post-ACLR, but the 
association between EI and functional test performance is unclear (17). Since EI is correlated 
with strength (32), it may prove of use for making RTS decisions. Additionally, quadriceps 
strength predicts hop test performances, which may indicate a possible relationship between 
functional outcomes and QMQ (33).  
Quadriceps dysfunction following ACLR is a likely contributor to the development of 
knee PTOA. Resulting alterations in QMQ due to neural changes are not well understood. 
However, muscle composition is also important because it influences both muscle strength and 
activation in elderly individuals, but the influence post-ACLR is unknown. By understanding 
quadriceps activation failure in post-ACLR individuals, interventions can aim at improving 
outcomes and potentially reducing the occurrence of knee PTOA in this population (6). 
Strategies to improve quadriceps muscle quality may result in an increase in functional 
performance (17), but research in this area is limited to middle-aged and older men and women 
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(18). Therefore, the purpose of this investigation is to evaluate the associations between QMQ 
(EI), quadriceps function (knee extension PT and RTD), and functional outcomes (single-leg 
hop) in individuals with ACLR. 
 
Research Aims 
● To evaluate associations between quadriceps muscle quality (ultrasound echo intensity) 
and quadriceps function (knee extension peak torque and rate of torque development) in 
individuals with ACLR. 
○ H1: We expect QMQ (echo-intensity values) to be negatively associated with 
quadriceps function. As higher values of EI represent poorer QMQ, we expect 
participants with poorer QMQ to have lower quadriceps function. 
● To evaluate the associations between functional outcomes (single-leg hop) and 
quadriceps muscle quality in individuals with ACLR. 
○ H2: Poorer quadriceps muscle quality will be associated with poorer functional 
outcomes (single-leg hop). 
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CHAPTER 2: LITERATURE REVIEW 
ACL Injury 
 Each year, there are between 100,000 and 250,000 ACL injuries in the United States 
alone. Most ACL injuries occur in individuals between 15 and 45 years of age (1), with half of 
all ACL injured individuals between the ages of 15 and 25 (34). Seventy percent of ACL injuries 
result from sports participation (1). Incidence rates for the general population are known for 
several countries. The United Kingdom (0.01%-0.02%) reports lower rates, while Australia 
(0.05%) reports higher incidence rates. The United States among other countries fall in the 
middle, with incidence rates between 0.03% and 0.04%. Among amateur athletes, the annual 
ACL injury incidence rate varies up to 1.62%, much higher than the general population rates. In 
military personnel and professional athletes, the rates are even greater, upwards of 3.67% (35). 
ACL tears are one of the most common injuries (36), and while they primarily affect young and 
active individuals, they are not limited to these populations and also impact middle-aged to older 
individuals (34). 
 There are two traditional treatment methods, surgical reconstruction and non-surgical 
rehabilitation (2). Treatment for ACL injuries is expensive to society, with ACLR and 
rehabilitation together costing $3 billion annually in America (37). Additionally, it costs 
approximately $38,121 and $88,538 for a typical patient undergoing either ACLR or 
rehabilitation throughout their lifetime, respectfully (2). This financially differentiates the two 
treatments, with a $50,417 long-term savings in choosing the surgical intervention. 
 ACLR is an effective, more cost-efficient treatment method that improves activity levels, 
reduces the likelihood of meniscal injuries, and also reduces the chance of additional surgery 
compared with non-surgical treatment. However, ACLR does not reduce the risk of developing 
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premature post-traumatic osteoarthritis (PTOA) compared with those who undergo conservative 
rehabilitation (36). Those sustaining any knee injury are over four times as likely to develop 
PTOA than those with no knee injury history (4). Reported incidence rates of PTOA following 
ACL injury vary from 10 to 90% (36). Culvenor et al. (5) found 38 (34.2%) of 111 subjects with 
PTOA via MRI only one year post-ACLR. Within 10 to 20 years, approximately 20 to 50% of 
ACLR individuals will have evidence of PTOA (38). These studies not only demonstrate the 




 Osteoarthritis is one of the leading causes of disability and the most common joint 
disorder (39), affecting an estimated 27 million adults in the United States and continuing to 
increase in incidence (40). OA is defined by degeneration of the articular cartilage, resulting in 
joint pain, stiffness, and ultimately disability (41). Symptomatic knee OA is characterized the 
same as osteoarthritis, but is accompanied with radiographic OA resulting from degeneration of 
articular cartilage (41,42). It is estimated to develop in 40% and 47% of men and women during 
their lifetime, respectfully (43). This chronic OA results from aging as the greatest risk factor, 
and is also influenced by body weight, joint injury, repetitive joint use, bone density, muscle 
weakness, and laxity in weight-bearing joints. 
PTOA is different from OA and symptomatic OA in that it develops after joint injury, 
whether the injury is a fracture, damage to the cartilage, ligament injury, chronic instability, or a 
combination of these mechanisms (41). PTOA affects a growing 15.1 million people in the 
United States, constituting 7.3% of Americans over 25 years of age. Adults under the age of 45 
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make up two million of these cases, and six million between ages 45 and 65 (44). Luc et al. (3) 
found that PTOA developed in 44% of those who underwent ACLR compared with 37% of those 
who remained ACL deficient. Culvenor et al. (5) demonstrated that PTOA is evident as early as 
one year following ACLR, with 34.2% of the subjects developing radiographic PTOA. 
Comorbidities, such as meniscal injuries, increased the risk of PTOA development, with 52% of 
individuals with ACLR developing PTOA (3). PTOA is a significant public health burden due to 
the high incidence rate of knee injuries and the strong correlation between joint injury and PTOA 
development (41). However, the direct underlying causes of PTOA are unknown. 
 
Quadriceps Function Following ACLR 
 Quadriceps dysfunction is a common complication following ACLR that may contribute 
to the increased risk of knee PTOA (6,7). While the quadriceps are important for joint motion, 
they also are critical in joint protection by absorbing impact forces during tasks such as walking 
and running. The quadriceps dissipate forces across the knee and stresses to surrounding 
cartilage. The body’s natural defenses following joint injury are to alter neural drive to the 
surrounding musculature, contributing to quadriceps dysfunction (11). If this neuromuscular 
protection mechanism is impaired following ACLR, then stress loading of the joint may result in 
PTOA (45). Becker et al. (45) demonstrated that deficits in quadriceps muscle activation and 
negatively affected voluntary contraction following ACLR may be contributors to early PTOA 
development. 
High loading rates during walking have been identified in the ACLR limb and are linked 
to quadriceps dysfunction (8,9). Additionally, higher loading rates lead to greater disruptions of 
cartilage structural and biosynthesis in animal models (8,9). In humans, sagittal plane knee 
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moment during walking is lower in those who develop PTOA 5 years following ACLR 
compared to those who do not (10,11), and Lewek et al. (12) demonstrated that the sagittal plane 
moment is influenced by quadriceps dysfunction. These data suggest that quadriceps dysfunction 
is linked to aberrant gait biomechanics associated with PTOA risk. 
 AMI of the quadriceps is an inhibitory reflex response that occurs after knee injury that is 
likely a joint protection mechanism by forcing the individual to rest as to not aggravate the injury 
(13). AMI is a process in which neural inhibition causes quadriceps activation failure (46). This 
results in an impaired ability of the quadriceps to fully contract even though the ACL injury does 
not directly affect the muscle or its nervous supply. AMI also contributes to muscle weakness, 
muscle atrophy, instability, poor function, chronic knee pain, immobilization, and early PTOA 
which may limit the effectiveness of rehabilitation (6,13,46). AMI results from pain, disuse, and 
a lack of knee extension and impaired contraction following ACLR (46). Attenuation of the 
afferent input from the quadriceps in the spinal cord of the afferent input from the quadriceps 
may be the strongest determinant associated with AMI (47,48), and ACL injuries have been 
shown to result in quadriceps inhibition (49,50). AMI is important when considering PTOA 
contributors because it may lead to quadriceps weakness which likely contributes to the 
development of PTOA after ACLR (51). 
 
Intramuscular Adipose Tissue and Quadriceps Dysfunction 
 Intramuscular adipose tissue (IMAT) is an ectopic fat depot that lays beneath the fascia 
and within muscles, and can be visualized in the quadriceps via imagining techniques (14). It 
results from fatty infiltration and includes stored lipids in the adipocytes. Following ACLR, 
decreased strength, decreased muscle activation, and limited mobility may lead to increased 
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levels of IMAT. These complications can also lead to further inactivity and increased levels of 
IMAT, precipitating a cycle. The relationship between quadriceps dysfunction and IMAT has 
been demonstrated to subsequently result in difficulties with functional activities (14). Increases 
in IMAT have been linked as a possible contributor to lesser strength and poorer muscle quality, 
and may contribute to muscle inhibition and quadriceps dysfunction (52,53). Research regarding 
the association between quadriceps dysfunction and IMAT has only been evaluated in elderly 
individuals, thus the relationship between muscle composition, strength, and activation following 
ACLR is unknown (14–18). Understanding the mechanisms for the progression of ACLR to knee 
PTOA and underlying causes is crucial in forming effective rehabilitation methods. If a muscle 
has greater IMAT content, it may generate less force because IMAT has been demonstrated to 
affect the ability of muscle fibers to shorten during muscle contractions (12,23). A larger 
percentage of fat within a muscle means that a smaller percentage is composed of contractile 
tissue. 
 
Echo Intensity and Quadriceps Muscle Quality Association 
 Echo intensity (EI) can assess quadriceps muscle quality (QMQ) and represent changes 
caused by IMAT (15), where higher EI values represent poorer QMQ. EI can also reveal the lean 
muscle tissue and connective tissue which contribute to QMQ in ultrasound images (21). 
Watanabe et al. (15) demonstrated a negative correlation in elderly men between EI and muscle 
strength, indicating that poorer QMQ is correlated with lesser quadriceps strength. Also in older 
individuals, quadriceps power and functional capacity have been linked to QMQ (17,18). QMQ 
is proposed to be an important component of functional ability (17). 
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RTD is a reliable, safe measure of power production (17). Muscle power, the ability to 
generate a rapid increase in muscle force (54), has a positive association with functional capacity 
(19,20). RTD is affected by co-activation and a loss of skeletal muscle fibers (55), as seen in 
elderly individuals and post-ACLR. Rech et al. (17) found that in elderly individuals, RTD was 
significantly correlated with physical performance in various functional tests. IMAT affects the 
rate of RTD and the relationship between EI and PT (18). 
 Cross-sectional area (CSA) and muscle thickness (MT) are other ultrasound outcomes 
related to quadriceps function, which may lead to similar results to EI since they are all 
correlated with QMQ (15–17,21,22). CSA and MT ultrasound measurements may provide 
complementary information to EI regarding quadriceps musculature (23). While QMQ represents 
muscle composition, CSA and MT represent size and muscle atrophy, which are less variable 
compared with QMQ. Due to the lower variability in CSA and MT, these measures are not 
sensitive enough to distinguish differences in quadriceps function, but QMQ may. QMQ may be 
a better measure for assessing quadriceps function to evaluate more than MT and CSA because 
of its greater variability, even distinguishing between quadriceps with similar CSA and MT 
values (23). 
 IMAT influences QMQ in that greater fat content may influence the intensity of the 
ultrasound echo because sound passes through organized muscle fibers while other tissues, such 
as fat, reflect more sound and appear brighter in images. Ultrasound allows for visualization of 
muscle composition, differentiating between lean muscle and IMAT. Muscle ultrasound imaging 
is an affordable, accessible, and reproducible tool to measure percent intramuscular fat and 
assess EI (21,23,27). 
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Return to Sport Criteria and Barriers 
 Return to sport (RTS) after ACLR is defined as participation in regular season 
competition or physician clearance for an athlete to return to training. RTS criteria vary among 
healthcare professionals, as there are no consistent, universal guidelines (10,29,30). This 
variance influences the safety of RTS, and may not minimize risk of reinjury or developing long-
term complications such as PTOA. Functional outcome tests such as single-leg hop, triple hop, 
and crossover hop are the most commonly used predictors due to their ease and accessibility. 
However, decisions solely based on physical performance may not be the ideal basis for RTS as 
opposed to a combination of different variables (31). Performance on functional tests increases 
with time after surgery (28), and one of the most common RTS criteria used by healthcare 
professionals is time post-ACLR (56). However, there is no correlation between time from 
surgery and RTS measurements such as functional performance, strength, or limb symmetry 
(56). Time alone is an insufficient indicator for healthcare professionals and may contribute to 
not only ACL reinjury, but also contralateral injury (57). Limb symmetry, strength assessments, 
and hop tests do not guarantee that prior functional levels have been met and may not provide 
valid RTS criteria (10). 
Knee and ankle moment patterns differ between walking and running movements. In the 
sagittal and frontal plane of the ankle and frontal and transverse plane of the knee, significantly 
lower joint loading was found during slow running than running (58). Walking and fast walking 
should be the recommendation for reducing joint loading in lower extremities, and rehabilitation 
following ACLR should consider the effects of the increase of gait speed in the joint loading 
(58). Zabala et al. (59) demonstrated that in ACLR individuals, the peak knee moments were 
lower in the rehabilitated limb compared with the healthy, contralateral limb. The healthy, 
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contralateral knees compensate for the ACLR knee, which contribute to altered joint loading and 
increased risk of PTOA development (59). Following ACLR, there is an increased role in the hip 
and ankle joints in controlling deceleration, or slowing down the body’s motion. Compensation 
at the ankle is associated with greater peak internal ankle plantar flexor moments and indicate 
less recovery (60). Individuals with knee pathology shift more of the burden to the hip and ankle 
extensors to avoid using the knee extensors. This may mask quadriceps function and make it 
appear that the ACLR individual has adequate overall function when evaluating functional tests, 
such as hop distance. 
The quadriceps are important for performance on single-leg hop test, among other 
functional tests, because the force generated by the muscle indicates properties of the quadriceps 
that may be influenced by neural alterations resulting from ACLR. Sueyoshi et al. (30) 
demonstrated that knee flexion strength deficits were correlated with single-leg hop test 
performance. Therefore, quadriceps dysfunction may influence the outcomes by reflecting lower 
muscle strength and power. Following ACLR, there may be a decrease in the correlation between 
the affected limb’s quadriceps strength and functional test performance. There may also be an 
increase in the correlation between the uninvolved limb’s strength and functional performance, 
corresponding with the former relationship. 
Joreitz et al. (57) calls for future research to develop objective methods, such as imaging 
and function testing, that will standardize RTS decisions after ACLR via provides clinical 
recommendations: Grade A, Grade B, and Grade C. Grade A focuses on the diversity of patients 
and that RTS should consider age, sex, and sport. Grade B acknowledges the risk of reinjury or 
contralateral injury and therefore says patients could be encouraged to delay RTS to allow graft 
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healing, and impairment and functional improvement. Grade C suggests that quadriceps strength 
should be measured and symmetry restored to limit aberrant movements within sport. 
RTD is defined as the maximum rate of increase in muscle force and is important 
functionally because it determines the force that can be generated in the beginning of muscle 
contraction (61). RTD is correlated with quadriceps dysfunction in that individuals with ACLR 
who demonstrate lesser RTD also demonstrate aberrant gait kinetics that are associated with 
cartilage degradation (26). It has been demonstrated that there are deficits in RTD in ACLR 
affected limbs (62). When considering RTD in RTS decisions, normal RTD and interlimb gait 
mechanics should be restored prior to RTS (62).  
Peak torque (PT) during quadriceps activation is a valuable measurement, but does not 
reflect how the quadriceps function during dynamic activity. Therefore, other measures are 
needed that assess the quadriceps’ ability to generate force quickly, such as RTD (62). PT is 
negatively correlated with EI (15,17), so if PT is a valuable outcome for RTS decisions, then EI 
may be as well. PT is not associated with gait biomechanical variables (26). EI could be a 
potential factor in making RTS decisions since it is also correlated with strength (32), but the 
association between EI and functional test performance is unclear (17). 
Also associated with RTD is peak vertical ground reaction force (vGRF) and 
instantaneous loading rates (26). Walking loading rates contribute to cartilage degeneration 
which may lead to knee PTOA. Altered mechanical knee loading may negatively affect joint 
tissues such as cartilage, menisci, and bone (25). It has been demonstrated that a higher vGRF in 
the ACLR limb is associated with cartilage breakdown (63). 
 Reinjury rates following ACLR range from 2.3% to 13% (64–66), and nearly 1 in 4 
young athletic patients who return to sport will sustain another ACL injury, likely early in their 
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return, putting them at a 30 to 40 times greater risk of ACL injury compared with uninjured 
adolescents (67). Grindem et al. (68) found that patients who returned to their sport less than nine 
months and more than nine months post-ACLR sustained 39.5% and 19.4% reinjuries, 
respectfully. Additionally, each month delay in RTS reduced reinjury by 51%. 
  Functional hop tests, including single-leg hop, triple hop, and crossover hop, are cited as 
one of the most common criteria in RTS decisions (29). Since the single-leg hop functional test 
uses bilateral comparisons, it may not be the best since one limb may not have been equal to the 
other preinjury. Functional hop tests are recommended by the International Knee Documentation 
Committee (IKDC) in considering RTS decisions (29). Patient-reported outcomes, such as IKDC 
Scale, Knee Osteoarthritis Outcomes Scale (KOOS), Tegner activity scale, and others, may 
provide insightful and psychological information. Isokinetic strength tests (maximum force/PT, 
angle-specific torque, RTD), gait analysis, Lower Extremity Functional Test (LEFT), and sport-
specific testing are other RTS testing considerations (29). 
 
Summary  
ACL injuries are a relatively common injury among various populations spanning age 
and activity levels (1,34–36). Both surgical reconstruction and non-surgical rehabilitation are 
costly to society, and ACLR increases the risk of developing knee PTOA (4,5,36,38). PTOA is a 
common cause of disability, deeming itself to be a public health burden (41). The development 
of knee PTOA following ACLR is likely influenced by quadriceps dysfunction. Following 
ACLR, there may be increased levels of IMAT due to decreased strength, muscle activation, and 
mobility (14). These changes in IMAT can be represented by EI and QMQ, which are correlated 
with quadriceps strength (15,17,18). While CSA and MT are also related to quadriceps function, 
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they are less variable measures and may provide limited information (23). When making RTS 
decisions for individuals following ACLR, there are no consistently implemented criteria 
(10,29,30). Current measures may include RTD, PT, and vGRF (26,61,62). The most commonly 
used criteria are functional tests, such as single-leg hop, triple hop, and crossover hop (29). 
  
 17 
CHAPTER 3: METHODS 
Subjects 
 Approximately 30 individuals with unilateral ACLR between ages 18-35 years were 
recruited. Additional inclusion criteria included being at least 6 months post-ACLR; having no 
neurological disorder history or injury to either leg within 6 months prior to participation (other 
than the initial ACLR); being cleared by a physician for return to physical activity; and 
participating in physical activity for at least 20 minutes 3 times per week. Exclusion criteria 
included pregnancy, ACL injury in both legs, having reinjured the ACL and/or required an 
additional ACL surgery, history of or symptoms of knee osteoarthritis, and/or inflammatory 
arthritis or other diseases affecting joints. 
 
Experimental Design 
 A cross-sectional experimental design was used to evaluate quadriceps muscle quality 
(QMQ), quadriceps function, and functional ability in individuals with ACL injury. Each 
participant underwent a series of assessments including ultrasound (US) imaging of the 
quadriceps, quadriceps functional assessments via isometric dynamometry, and functional ability 
assessment via single-leg hop for distance. The data reported here are from a larger study that 
also collected data regarding body composition, blood samples, cartilage deformation, and gait 
biomechanics. Only the muscle ultrasound, quadriceps function, and functional outcomes 




 Upon arrival to the laboratory, subjects were given an overview of the testing procedures. 
Subjects completed 3 surveys related to knee function and physical activity: International Knee 
Documentation Committee Subjective Knee Evaluation Form (IKDC), Knee Injury 
Osteoarthritis Outcome Score (KOOS), and Tegner Activity Scale. These questionnaires were 
completed using Qualtrics software and stored on the UNC-Chapel Hill server. The first session 
evaluated quadriceps muscle quality and function, gait biomechanics, functional outcomes, and 
body composition. The three following sessions, part of the larger study, involved various 
treadmill walking conditions in a block-randomized order. Informed consent was obtained after 
the participants were informed of the procedures.  
 
Functional Ability Assessment  
To measure physical function, participants completed a single-leg hop for distance. This 
was done on both legs to allow for comparison between the ACLR limb and healthy limb. 
Participants were instructed to stand on one leg and hop for maximal distance while landing on 
the same leg and maintaining balance for at least 2 seconds. They were allowed five practice 
hops on each leg before the distance was recorded. Three hop distances were recorded by 
measuring from the toe of the starting limb to the heel following the hop for each leg. A tape 
measure was used and the distance was recorded in centimeters. The average distance of the 
three trials was used for analysis. If the participant did not perform the hop correctly (e.g. did not 
land on one foot and maintain balance for at least 2 seconds), the trial was repeated. There is 
variability in hopping depending on body characteristics, so the hopping data was normalized by 
dividing hop distance by height to make each value more comparable to one another. 
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Quadriceps Muscle Quality Assessment 
 Ultrasound images of the quadriceps (vastus lateralis, rectus femoris) and hamstrings 
(biceps femoris, semitendinosus, semimembranosus) muscles were obtained bilaterally. Images 
were taken at 50% of the femur length (greater trochanter to lateral epicondyle) with the knee 
bolstered to approximately 50° as described by Kleinberg et al (69). All US settings were held 
constant with a depth of 6 cm, frequency of 10 MHz, and gain 56 dB. The linear US probe was 
moved lateral to medial in the transverse plane, perpendicular to the thigh at a consistent speed. 
Only data from the quadriceps are reported here. Subcutaneous fat thickness (SFT), muscle 
cross-sectional area, and echo-intensity (muscle quality) were assessed using Image J processing 
software (National Institutes of Health). The image with the clearest borders of each muscle was 
analyzed. Muscle cross-sectional area was obtained by using the polygon function to outline the 
muscle, excluding the respective fascia. The EI of this same area was determined by calculating 
the average grayscale value. SFT was determined by measuring the distance from the innermost 
skin border to the outermost fascia surface in three different locations (lateral, middle, medial). 
Subcutaneous fat thickness is important to collect in order to correct for EI among groups with 
different levels of body fat. When obtaining the ultrasound images, the sounds beam must pass 
through the subcutaneous fat before producing an image of the muscle of interest. SFT can alter 
the brightness of the image, so using the regression equation (corrected EI = raw EI + [SFT x 
40.5278]) provides a corrected value (21). Since EI is determined from ultrasound QMQ, it is 
related to both total body and limb-specific body composition (70). Corrected values suggest that 
QMQ decreases with greater total body and limb-specific fat while uncorrected EI values 
indicate that QMQ improves with greater total body and limb-specific fat (70). Without 
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correcting EI values, higher levels of IMAT would incorrectly indicate better QMQ since this 
relationship is actually the opposite with lower levels of IMAT indicating better QMQ (70). 
 
Quadriceps Function Assessment 
Muscle strength was assessed using an isokinetic dynamometer. The knee was in 90° of 
flexion and participants were asked to contract the quadriceps maximally and as quickly as 
possible by “kicking out”, following a warmup. Torque data were sampled at 2000 Hz and 
lowpass filtered at 150 Hz. From this, the rate of torque development (RTD) and peak torque 
(PT) were determined. Three trials were performed, with one minute of rest between each trial. 
RTD was calculated as the slope of the torque vs. time curve from 0-100 ms following the initial 
contraction and PT was identified as the maximum torque value. PT and RTD were normalized 
to body mass to account for differences due to weight, also making these variables more 
standardized among participants. For PT, the torque value was divided by the mass (kg) of the 
subject and reported as body weight (BW). For RTD, BW was divided by seconds. 
 
Statistical Analysis 
Simple Pearson correlation coefficients (Pearson r) were used to evaluate the associations 
(1) between QMQ and quadriceps function (PT and RTD) and (2) between QMQ and single-leg 
hop distance (a = 0.05). 
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CHAPTER 4: RESULTS 
Thirty-six subjects were included for statistical analysis. Demographic data for these 
subjects is presented in Table 1. 
 
Relationships Between PT, CSA, and EI of the Injured Limb 
There were no significant relationships between CSA and normalized PT in either the 
vastus lateralis (r = 0.215, p = 0.215) or rectus femoris (r = 0.134, p = 0.44) of the injured limb. 
However, there was a significant moderate negative correlation between EI and PT in both the 
vastus lateralis (r = -0.514, p = 0.002) and rectus femoris (r = -0.554, p = 0.001) of the injured 
limb, indicating that poorer QMQ was associated with lower quadriceps strength. (See Table 2) 
 
Relationship Between Single-Leg Hop Distance, CSA, and EI 
There were no significant relationships between CSA and single-leg hop distance for 
either the vastus lateralis (r = 0.259, p = 0.133) or rectus femoris (r = 0.233, p = 0.177). 
Additionally, there were no significant correlations between CSA and single-leg hop limb 
symmetry (injured hop distance divided by uninjured hop distance) in either the vastus lateralis (r 
= 0.066, p = 0.704) or rectus femoris (r = -0.008, p = 0.965). There was, however, a significant 
strong negative correlation between EI and single-leg hop distance in both the vastus lateralis (r 
= -0.690, p < 0.001) and rectus femoris (r = -0.740, p < 0.001) indicating that poorer QMQ was 
associated with shorter single-leg hop distance. However, there was no significant correlation 
between EI and hop symmetry ratios in either the vastus lateralis (r = -0.197, p = 0.256) or rectus 
femoris (r = -0.241, p = 0.164). (See Table 3) 
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Table 1: Demographics of Subjects Included in Analysis (n = 36) 









Time Since ACL Injury (months) 
 
Sex (number of subjects) 
 
     Male 
 
     Female 
22.4 ± 4.4 
 
71.3 ± 12.4 
 
1.7 ± 0.09 
 
23.8 ± 2.8 
 











Table 2: Partial Correlations between EI, CSA values and PT in ACLR Limb (n = 36) 
 Correlation Coefficient (r) p-value 
CSA 
      
     Vastus Lateralis 
 




     Vastus Lateralis 
 





























Table 3: Partial Correlations between EI, CSA values and Single-Leg Hop (n = 36) 
 







      
     Vastus Lateralis 
 




     Vastus Lateralis 
 


















































CHAPTER 5: DISCUSSION 
 The primary findings of this study were that there was a moderate negative correlation 
between EI and PT and a strong negative correlation between EI and single-leg hop distance in 
the ACLR limb. These findings are consistent with the experimental hypotheses. It was 
hypothesized that higher EI values (i.e. poorer QMQ) would be associated with lower quadriceps 
function (PT) and poorer functional outcomes (i.e. single-leg hop). Our findings suggest that 
muscle quality is indicative of quadriceps function and functional ability in individuals with 
ACLR, and may be a potential RTS criterion following ACLR and the rehabilitation process. 
 Our finding that EI was significantly correlated with PT for both the vastus lateralis and 
rectus femoris is supported by previous research. Wilhelm et al. (18) evaluated the correlation 
between EI of the four quadriceps muscles and muscular performance in elderly men, and 
reported significant negative correlations between EI and PT, consistent with our findings. 
Watanabe et al. (15) also demonstrated a negative correlation between EI and knee extension 
strength in elderly men, which was also found in our study. Furthermore, Rech et al. (17) found 
significant negative correlations between rectus femoris EI and PT in elderly women. These 
results coupled with our own indicate that poorer QMQ is associated with lower muscle strength 
(32). Ours is the first study, to our knowledge, to report this association in young individuals 
following ACLR. These findings are significant because fewer contractile fibers may 
characterize poorer QMQ, which hinders the ability of the quadriceps to contract maximally for 
PT (24). This finding is important because it may indicate that assessing QMQ can provide 
preliminary information regarding strength, which is often assessed clinically. Rather than just 
measuring muscle strength, EI can be measured because it provides additional information 
regarding muscle composition. This may explain why muscle strength is compromised because 
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of an altered ratio of contractile fibers and IMAT, indicating that an underlying mechanism as to 
why muscle strength is compromised may be a shift towards a higher proportion of IMAT post-
ACLR. Additionally, EI may indicate the extent of quadriceps dysfunction due to this 
association. Previous research has suggested that contributors to quadriceps dysfunction may 
include AMI (6,13,14). Our study demonstrated that another potential origin of quadriceps 
dysfunction following ACLR may be IMAT since it can limit PT, which can be a rehabilitative 
focus coupled with AMI and IMAT. Other ways to measure IMAT include MRI and computed 
tomography (CT) (71). However, while these imaging techniques have high resolution, they are 
both costly and not always clinically feasible (71). Ultrasound is safe and widely available in the 
clinical setting, which is why ultrasound might be advantageous compared with other methods 
that assess IMAT. 
Our study did not find a significant correlation between CSA and PT in either the vastus 
lateralis or rectus femoris. The main reason that this correlation was not significant is because we 
evaluated PT normalized to body mass to account for the notion that larger individuals have 
larger muscles and therefore produce more force. Body mass is typically used as a proxy for 
muscle CSA because it is easier to measure. However, had strength and CSA not been 
normalized, there would have likely been a significant correlation between strength and CSA.  
 Our finding that EI in both the vastus lateralis and rectus femoris was significantly 
correlated with single-leg hop distance confirmed our hypothesis. Our study, along with others 
(15,17,18,32), demonstrated that EI is correlated with strength. Our study also demonstrated that 
strength predicts hop performance (r = 0.523, p = 0.001), which may contribute to the significant 
relationship between EI and single-leg hop distances (33). However, there was no significant 
association between EI and single-leg hop limb symmetry index (LSI). Overall, this suggests that 
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the hop distance in the involved limb was correlated with EI but when the involved limb hop 
distance was expressed as a ratio including the uninvolved limb hop distance, there was no 
significant association. Hegedus et al. (72) demonstrated that when compared to a healthy 
control group, the uninvolved leg in ACLR individuals is also significantly weaker in addition to 
the involved leg. Wellsandt et al. (10) evaluated the use of the uninvolved limb single leg hop 
distance in calculating LSI as a RTS criterion and demonstrated that considering the uninvolved 
limb in LSI may not be optimal. Additionally, Wellsandt et al. (10) demonstrated that meeting 
LSI criteria for RTS did not ensure that prior functional levels were met. Potential reasons 
contributing to weaker quadriceps in the contralateral limb are decreased physical activity aside 
from walking and activities of daily living during rehabilitation prior to RTS (10) as well as 
bilateral AMI (6). This implies that the uninvolved limb is also affected by the ACL injury which 
means that LSI may underestimate performance deficits (73,74). This may be a reason why EI 
was not significantly associated with LSI but was significantly associated with single-leg hop 
distance of the injured limb. However, if the contralateral limb was also impaired to a similar 
magnitude to the ACLR limb, resulting in a greater LSI closer to 1.00 for all subjects such that 
there was little between-subject variability in one of the variables, this mathematically would 
make the correlation smaller because there would be no variability, limiting significant findings. 
Decreased functional performance of the contralateral limb may overestimate LSI, therefore 
indicating a potentially inaccurate representation of the functional ability of the involved limb 
(10). 
 In our study, there was no significant association between CSA and single-leg hop 
distance or LSI. Similar to the nonsignificant relationship between CSA and PT in both the 
rectus femoris or vastus lateralis, CSA values do not provide as much detailed information as EI 
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since CSA does not indicate the composition or quality of the muscle (23). The vagueness of this 
variable may contribute to why these results were not significant not just for LSI, but also single-
leg hop distances of the involved leg. 
 These findings are clinically relevant because they may be useful in making RTS 
decisions. Werner et al. (31) demonstrated that RTS decisions primarily based on physical 
performance may not be ideal. Wellsandt et al. (10) performed a study in which 70 athletes 
completed a quadriceps strength test and 4 single-leg hop tests pre-ACLR and 6 months post-
ACLR, from which LSIs were calculated. They demonstrated that LSIs often overestimated knee 
function and that limb symmetry, strength assessments, and hop tests may not be consistent and 
reliable RTS criteria because they do not guarantee prior function levels have been met. 
Therefore, other measures may need to be considered such as QMQ which can be assessed with 
ultrasound EI. Although single-leg hop distance is cheaper and easier to implement in the clinic 
than ultrasound imaging, there are several limitations of using this for RTS decisions even 
though QMQ and single-leg hop distance are correlated. One of these is that other muscle groups 
may compensate for the quadriceps when doing a single-leg hop, therefore masking the 
rehabilitation of the knee (59,60). EI addresses this limitation because it isolates the quadriceps 
and does not consider other muscle groups. Single-leg hop distance also does not reveal as 
detailed information, which is why assessing QMQ is important because it provides additional 
information about the proportion of IMAT in the quadriceps. It is important that QMQ is 
associated with single-leg hop distance because single-leg hop distance is a frequently used and 
established RTS criterion post-ACLR. Additionally, it confirms that QMQ may be valuable for 
RTS criteria since it is correlated with something that already often is. 
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Our study demonstrated that EI and single-leg hop distances were significantly associated. 
While single-leg hop tests are one of the primary and most commonly used RTS criteria (29), 
some literature indicates concerns that single-leg hop distances may not be valid RTS criteria 
(10,31). Assessing QMQ may eliminate areas of concern in single-leg hop distances. On single-
leg hop tests, the force generated by the quadriceps may be influenced by neural alterations from 
ACLR. Ultrasound EI does not consider this, as it is a more passive measurement. Furthermore, 
the ACLR patient may compensate via heightened ankle plantarflexor effort during single-leg 
hop tests (60). Button et al. (60) not only demonstrated that there was increased peak internal 
ankle plantarflexion moment during single-leg hop tests, but also that this is a consistently used 
compensation strategy post-ACLR. There may also be compensation by the hip extensors, 
therefore limiting the use of the knee extensors (60). By using these compensatory strategies 
during single-leg hop tests, the results may not accurately reflect quadriceps function.  
Ultrasound EI eliminates the possibility of musculature crossing other joints compensating for 
the knee, as it solely considers the quadriceps rather than including potential measurements at the 
ankle and hip joints. Therefore, assessing QMQ may be a potential RTS criterion post-ACLR. 
This study had several limitations. One limitation was the time since ACLR for inclusion, 
which was that the participant was required to be at least 6 months post-ACLR. However, there 
was no end range for this time. This is a limitation because participants further removed from 
ACLR may have rehabilitated more and attained greater restored function compared to 
participants with less time since ACLR. Providing an end range could potentially control for 
these confounding variables. Additionally, the average time since ACLR in this study’s subjects 
was 49.3 ± 34.7 months, indicating a large range in time since ACLR (Table 1). 
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Age-related changes in QMQ may have occurred independent of ACLR, therefore being a 
potential confounding variable. Fellner et al. (75) evaluated age-related changes in both the 
QMQ and quadriceps muscle quantity via MRI in a rat model to relate these results to the field of 
geriatrics. They found that advancing age up to 21 months led to significantly decreased body 
weight (BW), CSA, CSA/BW, and lower QMQ due to an increase in IMAT. This may also be 
the case in post-ACLR individuals and be a confounding variable when relating QMQ to RTS 
decisions post-ACLR. Our study addressed this limitation to some level by limiting the age range 
from 18 to 35 years, controlling for potential age-related changes in QMQ. However, this is still 
a range of 17 years. Other variables affecting QMQ need to be considered in future studies. 
Another limitation in our study was the sample size, as this study only included 36 subjects for 
statistical analysis. 
Future research is necessary to evaluate QMQ in the clinical setting for RTS decisions, 
which is feasible due to the accessibility and affordability of ultrasound (21,23,27). Clinical 
outcomes after RTS using ultrasound EI as a criterion should be assessed and compared with 
other variables aside from single-leg hop distance. Not only can EI be used clinically for making 
RTS decisions, but also throughout the rehabilitation process to track QMQ changes. When 
applicable and feasible, it can be used to establish a baseline measurement in athletes, allowing 
for comparison should an injury occur at a later point. This can also limit any confounding 
variables. Additionally, since previous research coupled with our findings has demonstrated an 
association between EI and both QMQ and PT in elderly individuals and ACLR individuals, 
other populations may also demonstrate similar correlations, providing another clinical use of EI 
(15,16,20,24). By assessing the use of ultrasound EI clinically, rehabilitation methods may be 
developed to improve QMQ, RTS decisions, and functional outcomes. 
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To our knowledge, this was the first study evaluating associations between QMQ (EI), 
quadriceps function (knee extension PT), and functional outcomes (single-leg hop) in individuals 
with ACLR, as previous research regarding this relationship has exclusively involved elderly 
populations (14–18). Due to the significance in the relationships we found between EI and 
single-leg hop distances as well as EI and PT, strategies to improve QMQ may result in an 
increase in functional performance (17), improve RTS outcomes, and decrease the risk of knee 
PTOA in ACLR individuals.  
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